30 years ago, Sir James Walker (1, 2) published two papers entitled, "The theory of amphoteric electrolytes," in which he discussed the conductivities of amphoteric electrolytes and their deviations from the Ostwald dilution law in terms of the mass law. Deriving the expressions for the various ion concentrations present in an ampholyte solution, he showed why the attempt to apply the dilution law to such solutions is invalid. He was able to show that the conductivities calculated from the relations he had obtained were in agreement with Winkelblech's (3) data for the aminobermoic acids.
a-monoamino-monocarboxylic acids in order to determine whether values agreeing with those which can be calculated may be obtained, and whether such conductivity data may be used in the determination of the ionic mobilities of these amino acids. A study of the type herein reported would, it was believed, throw considerable light on the accuracy as well as the value of amino acid conductivity data.
The compounds studied are glycine, d,/-valine, and/-asparagine. The effect of alanine on the conductivity of KC1 has also been studied in order to determine whether the alanine zwitter ion makes a contribution to the ionic atmosphere of the solution which is sufficient to lead to a reduction of the mobility of the ions which are present in such solutions.
EXPERIMENTAL
The conductivity measurements were made according to the Kohlrausch method. The details of the apparatus are given by Miyamoto and Schmidt (7) .
The purification of the amino acids was carried out by repeated recrystallization until a constant conductivity value was obtained. In the case of the synthetic amino acids (glycine, alanine, and valine) it was found that the addition of alcohol to the hot, saturated aqueous solution and repeated washing between crystallizations with alcohol made it possible to reach a constant purity after recrystallizing about eight times; while when water alone was used, the conductivity value was still decreasing after the tenth recrystallization. This is probably due to contamination by ammonium halides. In the case of/-asparagine, the use of alcohol does not speed the purification, but it greatly reduces the loss during crystallization. The asparagine finally used was recrystallized thirty-five times.
Certain of the measurements on glycine and valine were carried out in a cell with platinized black electrodes and the others in a cell with grey platinum electrodes. It was found that electrodes coated with platinum black could not be used in those cells in which the asparagine measurements were made for the reason that, in the presence of platinum black, asparagine decomposes with the formation of ammonia as one of the end-products. Cells with grey electrodes were used to measure the conductivities of asparagine solutions.
The conductivity water had a specific conductance of from 1.01 to 1.2 × 10 -6 mhos at 25 °. The correction for the conductance of the solvent was made by subtracting its value from that of the total conductance.
The measurements at 25 ° were made in a small oil bath with a temperature control of 4-0.01 °, those at 35 ° in a water bath with a control of a=0.1 °, and those at 0 ° were made in melting ice.
The conductivity data for glycine, d,/-valine, and l-asparagine are given in Table I . For the determination of the effect of the zwitter ion on the conductivity of a strong electrolyte, d,l-alanine and KC1 were used. For comparison, the effect of urea on the conductivity of the KC1 was also determined. In each case the conductivity of the alanine or urea solution was determined separately and that value was subtracted from the one obtained for the solution containing KC1. The conductivity of alanine is very nearly the same as that of glycine, while that of the 0.05 molar urea solution used was 1.67 X 10 -e. The results are given in connection with the discussion.
DISCUSSION
In Table II , the values obtained for the conductivities of certain amino acids by different workers are compared, graphical interpolation having been used when necessary. It is quite obvious that too great a reliance cannot be placed on measurements in which the conductivity of a concentrated solution approaches that of the solvent. Even when the values obtained with repeatedly purified samples give reasonable checks, it would appear that the validity of the results is still not assured. In this case it may simply mean that the amount of contaminadng substance has reached a constant value. Furthermore, the nature of the proper correction to be applied for the conductivity of the solvent is in doubt, as has been noted by Washburn (8) . It is possible that the solute influences the dissociation of the impurity in such a manner that its contribution to the conductivity in the solution is different from that in the solvent alone. Under such cir-cumstances simply subtracting the conductivity of the solvent will not be adequate, and the nature of the impurity will have to be known in order to make a valid correction. As the water available had a conductivity considerably greater than that of pure water when carbon dioxide-free, and since the nature of the contaminating substance is unknown, the correction as applied may be in error, and the extent of the error cannot be accurately estimated.
On the other hand, when attempting to make any calculations involving conductivity measurements, one is faced with the fact that in most instances deviations from the laws of perfect solutions are prob-.ably considerable even in dilute solutions, and that the deviations to be expected are not at present well defined. For example, association of the zwitter ions may reduce their activity and thus reduce dissociation, but it is also possible that this effect may be counteracted or even superseded by the effect of the increasing dielectric constant. Viscosity effects will enter, as will also other factors whose relative importance can no more certainly be evaluated. However, the following calculations are suggestive of the general character of the results. Walker (1, 2) pointed out the fact that the rational formulation of the Ostwald dilution law results from expressing the mass action law for a weak electrolyte in terms of the conductances of the ions, and that it consequently cannot be expected to be applicable to an ampholyte. He then proceeded to derive the expressions for the ion concentrations in an ampholyte solution, and we may do the same, using a slightly different terminology.
If we let R + --the cation of the ampholyte, R-ffi the anion of the ampholyte, R ~ --the undissociated ampholyte (taken to be predominantly in the zwitter ion form), (R-) (H +) ffi Ki ffi k4 (classics/acid dissociation constant) (~) = K, ffi kJk..
(R~) (H÷)
These expressions assume that the activities may be taken as being numerically equal to the concentration. If, then, we neglect the concentration of OH-, which will be very small in appreciable concentrations of the aliphatic amino acids under consideration,
In all except very dilute solutions, the concentrations of R + and Rwith respect to the total concentration of amino acid may also be neglected, so that,
Where C = total concentration of amino acid. Solving for (H+), we obtain CB+) ffi V l + CK, which is equivalent to the expression derived by Walker when the concentration of OH-is neglected. When we solve for the concentrations of the amino acid ions and express the specific conductance in terms of these concentrations and the ionic conductances, there is obtained the expression:
The dissociation constants of glycine are: K1 = 1.655 × t0 -1° and K2 = 224 at 25 ° (9) . Using the data of McBsin and Dawson (10) for the diffusion of glycine, the mobility of the zwitter ion is about 40.7 which corresponds to a limiting ion conductance of 39.2. This agrees well with the limiting ion conductance of the acetate ion, v/z., 40.87 (11) when the introduction of the -NUn group is considered, and the mobility of the glycine ion is taken to be the same as that of the zwitter ion. In Table III , the values for the molar conductances calculated with the aid of these data are compared with the values obtained by direct measurement. For/-asparagine, the limiting ion conductance of the amino acid ion is taken to be the same as that found for the aspartate ion (7), which is 27.75 at 25 °. The dissociation constants used are K1 = 1.38 X 10 -° and K2 = 148 (12) . It will be seen that the agreement is satisfactory only in a qualitative way, and that the deviations with increasing concent.rations are in the opposite direction from that which might be expected.
Proceeding in the converse manner, we may attempt to calculate the mobility of the valine ion using the constants K1 = 2.4 X 10 -1° and K~ = 209 (14) , and the value of A, ----11.1 × 10 -8 at 0.075 molar and 25 °. In this way a value of 14 is obtained which is quite unsatisfactory when compared with the limiting conductances of valerate and cap-roate ions which are given as 31 and 291 respectively. This corresponds to a deviation from theory in the opposite direction from that which is shown by glycine and asparagine.
In view of the influences which have already been mentioned as possibly being active in these solutions, it is too much to expect that any simple theory should suffice to predict the conductivities at these concentrations. Furthermore, the difficulties involved in making the measurements preclude the possibility of attributing the disagreement between the predicted and the determined conductivity values entirely to theoretical limitations. In so far as the general problem of the conductivity of aliphatic monoamino-monocarboxylic acids is concerned, it must be concluded that neither the conductivity of the salts nor of the free acids can be used in the calculation of mobilities. In the case of the monoamino-monocarboxylic acids themselves, the conductivity values are too low to be trustworthy, while in the case of their salts, too great a part of the current is carried by the hydrogen ion and anion, or hydroxyl ion and cation.
In the case of certain other amino acids, the situation is more satisfactory. It has already been shown by Miyamoto and Schmidt (7) that the mobilities of the ions of the dicarboxylic amino acids may be determined from the conductivity measurements of their salts. They also point out that the dicarboxylic amino acids themselves do not obey Ostwald's dilution law, although there is apparently an approach to a constant value in the very lowest concentrations. Walker (1) has pointed out that, in the case of ampholytes which are either predominantly basic or acidic, this is to be expected. The tendency of the dicarboxylic amino acids to obey the Ostwald law is apparently due to the predominating influence of the distal carboxyl group (though this is actually the weaker carboxyl group). While the dilution law is still not strictly applicable to these cases, measurements can be made in sufficiently dilute solutions so that a simplified theoretical formulation can be applied to the results and the conductivity data used in the calculation of the dissociation constants.
For the following considerations, it will be assumed that the zwitter ion is formed predominantly between the amino group and the carboxyl group closest to it (17, 18) . The expressions for the dissociation of the dicarboxylic amino acids may be written in the following manner:
While these expressions are not complete, they should be adequate for the present purpose. It will also be assumed that the effect of the third dissociation may be neglected, and no attempt will be made to correct for activities or changes in mobility in more concentrated solutions. Under such conditions the following expressions are obtained: 
I + Kd(H +) + K~(H +)
where C is the total concentration of the amino acid.
Since the conductance of these solutions is largely due to the hydrogen ions in the lower concentrations, a first approximation of the hydrogen ion concentration can be made by dividing the specific conductivity by the sum of the mobilities of the hydrogen and amino acid ions (since there will be at least one amino acid ion for each hydrogen ion), and multiplying by 108. If this value is then substituted in Equation 1 for the two lowest concentrations, the equations may be solved simultaneously for K1 and K~. Having a rough approximation of the value of the constants, the corresponding approximations for R ± and R + may be made. At any concentration that part of the conductivity which is not due to the hydrogen ion and an equal concentration of R-, will be due to the concentration of R + present and an equal concentration of R-. If then, having the approximate value for the concentration of R +, it is multiplied by the limiting conductance value of this ion, the proper factor, and the resultant product is doubled, a correction to be subtracted from the experimental conductance is obtained in order to make a second approximation of (H+). By such a series of approximations it is finally possible to arrive at values for KI and K~ which give a satisfactory agreement with the conductivity data at lower concentrations.
In this manner the values Kt = 4.45 × 10 -s and /£2 = 115 were obtained for glutamic acid at 25°; and K~ = 1.24 × 10 -q and K~ = 155 * Only the data of Miyamoto and Schmidt have been considered in making these calculations, so that, while the values found are comparable with those which have been calculated, any error in the conductivity measurements will introduce a corresponding error in the values calculated for the dissociation constants.
for aspartic acid at the same temperature. From the figures given in Table IV it will be seen that the agreement between the experimental and calculated values for the specific conductances of aspartic and glutamic acid is quite good in the lower concentrations and that the deviation in higher concentrations is not greater than might reasonably be expected. The accuracy of the values for/£1 should be quite good, and ought not to deviate more than 5 per cent from the true constant. The accuracy with which K~ may be calculated is considerably less since its effect is not so great as that of Kt, particularly in the lower concentrations where the results should be most dependable. The values for K2 may be 20 per cent in error.
In Table V , the dissociation constants for the carbexyl groups of glutamic and aspartic acids, glycine, and asparagine (calculated in accordance with the zwitter ion hypothesis) are compared with the dissociation constants of glutaric~ succinic, and acetic acids. Itwill be seen that these constants are in accord with the supposition that the zwitter ion in the two dicarboxylic amino acids is formed with the carboxyl group proximal to the amino group, that the amide group in asparagine is on the distaI carboxyl group; and that the effect of the amino group on the dissociation of the carboxyl group in all three cases is of a comparable magnitude when the amino group is in the alpha position, anc~ decreases with increasing removal.
It must be recognized that the constants given above for aspartic and glutamic acid are not in good agreement with the values obtained by electrometric titrations, though they are not less divergent than values which have been obtained by different workers (13) . From the above it follows that the apparent dissociation constants of hydroxy glutamic acid and of the diamino-monocarboxyUc acids may be similarly obtained from conductivity measurements.
The Conductivity of Potassium Chloride in the Presence of Alanine
An interesting consequence of the conductivities obtained for the monoamino-monocarboxylic acids is the indication of conductivity measurements as a means of studying the contribution of the zwitter ion to the ionic atmosphere. By this method any complications due to effects of the electrolyte on the amino acid are obviated because of the very small conductivity of the amino acid relative to that of a strong electrolyte.
Only a few such measurements have been made, but they serve to indicate the possibilities, and show quite definitely that alanine has no effect on the mobility of ions which is comparable to that of an electrolyte.
The equivalent conductances of several concentrations of KCI in 0.05 ~ and 0.1 ~r alanine were determined and plotted against the square root of the KC1 concentration in order to extrapolate to an infinitesimal KC1 concentration. KC1 in 0.05 ~ urea was studied in the same manner. In Table VI the ratios of these values for limiting equivalent conductances to that in water at 25 ° are given, together with the relative fluidities at 18°? It is readily seen that a change in the viscosity of the solution is in itself enough to account for the greater part of the effect of alanine, and that there is no effect which is at all comparable to that of an electrolyte. These results confirm those of Farley (15) .
In a study of various types of diions, Simms (16) has indicated that the electrical behavior of the dijon will depend upon the separation of the charges, and that for the zwitter ion type the behavior where the separation is small should approach that of a neutral molecule. This appears to be the situation in the case of alanine, and probably is also the case for the other alpha-amino acids. It should be of considerable interest to determine whether or not the separation of the charges in amino acids where the distance between the carboxyl and amino groups is greater or in peptides ever becomes great enough so that there is a resultant external field.
SUM' M' ARY 1. The conductivities of aqueous solutions of glycine, d,l-valine, and/-asparagine have been determined, and comparisons have been made with similar data reported in the literature.
2. On the basis of certain theoretical considerations, calculations of the expected conductivities of aqueous solutions of glycine, asparagine, aspartic acid, and glutamic acid have been made and these data have been compared with similar data obtained experimentally.
3. The dissociation constants of the carboxyl groups of aspartic acid and glutamic acid have been calculated from conductivity data.
4. It is shown that alanine has no effect on the ionic atmosphere of solutions of potassium chloride.
